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(57) A process for manufacturing welded titanium alloy tubes and pipes having good corrosion resistance 
and good mechanical properties from a titanium alloy which consists essentially, by weight, of one or 
more of the platinum group metals in a total amount of 0.01 - 0.14%, at least one of Ni and Co each in an 
amount of 0.1% - 2.0%, not more than 0.35% of oxygen, not more than 0.30% of iron, optionally at least 
one of Mo, W, and V each in an amount of 0.1% - 2.0%, and a balance of Ti. The process comprises 
preparing a slab by hot working from an ingot of the titanium alloy after heating in a temperature range 
of from 750°C to a temperature 200°C above the beta-transus point, hot-rolling the slab with a finishing 
temperature of not lower than 400°C to form a hot-rolled strip after heating in a temperature range of 
from 650°C to a temperature 150°C above the beta-transus point, optionally performing annealing in a 
temperature range of from 550°C to a temperature 20°C above the beta-transus point, and/or cold-rolling 
followed by such annealing, forming and welding the strip to form a tube or pipe, and optionally 
heat-treating the welded tube or pipe in a temperature range of from 400°C to a temperature 20°C above 
the beta-transus point. 
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This invention relates to a process for manufacturing welded tubes and pipes (hereinafter collectively refer- 
red to as "welded tubes") from an inexpensive titanium alloy having improved resistance to crevice corrosion 
and to acids. More particularly, it relates to a process for manufacturing welded titanium alloy tubes having 
improved corrosion resistance in environments inducing severe crevice corrosion or in non-oxidizing acid envi- 

5 ronments, which pure titanium metal can no longer withstand. 

Titanium has good corrosion resistance in sea water and in oxidizing acids such as nitric acid and it is widely 
used as a material for condensers in nuclear power stations and heat-exchanger tubes in chemical plants. How- 
ever, its resistance to crevice corrosion is poor in high-temperature corrosive environments containing chloride 
ions. Therefore, titanium alloys containing 0.12% - 0.25% by weight of palladium (Ti-0.12/0.25Pd) as specified 

10 in ASTM grade 7 or 1 1 (or JIS Classes 11 to 1 3) are recommended for use in such environments. The use of 
these alloys which contain expensive Pd metal in a relatively large amount is limited due to their high costs. 

An attempt has been made to develop a more economical titanium alloy having resistance to crevice cor- 
rosion. Japanese Unexamined Patent Application Kokai Nos. 62-107041(1987), 62-149836(1987), 64- 
21040(1989), and 64-21041(1989) disclose corrosion-resistant titanium alloys which contain relatively small 

15 amounts of one or more of the platinum group metals, one or two of Ni and Co, and optionally one or more of 
Mo, W, and V. 

In order to apply these titanium alloys to actual products, a commercial manufacturing process of the pro- 
ducts should be established so as to make it possible to efficiently manufacture products having optimum 
properties. This is important since the properties of titanium and titanium alloys significantly vary depending 
20 on the manufacturing process and conditions, especially working and heating conditions. 

Particularly in the manufacture of welded tubes, such as for use in heat exchangers, it is impossible to pro- 
vide a product having both good mechanical properties and good corrosion resistance unless all the steps from 
the fabrication of a slab and a hot-rolled or cold-rolled coil or strip to final heat treatment are performed under 
properly controlled conditions. However, the optimal conditions for the manufacture of welded titanium alloy 
25 tubes have not been investigated sufficiently in the past Thus, there is a need to establish a process and con- 
ditions for the commercial manufacture of corrosion-resistant welded titanium alloy tubes of good quality. 

It is an object of the present invention to provide a process for manufacturing welded tubes of good quality 
from an inexpensive titanium alloy having a relatively low content of the platinum group metals. 

Another object of the invention is to provide a process for manufacturing welded titanium alloy tubes which 
30 have improved resistance to corrosion, particularly to crevice corrosion, and which can be satisfactorily used 
as brine heaters in a seawater desalination plant and as heat-exchanger tubes exposed to concentrated brine, 
such as heat-exchanger tubes used in a salt manufacturing plant, or heat-exchanger tubes exposed to a sulfur 
dioxide-containing wet environment. 

These objects can be accomplished by manufacturing welded tubes from an inexpensive, versatile titanium 
35 alloy having good resistance to crevice corrosion and high deformability. 

The present invention provides a process for manufacturing welded titanium alloy tubes having good resi- 
stance to crevice corrosion from a titanium alloy which consists essentially, on a weight basis, of one or more 
of the platinum group metals in a total amount of 0.01 - 0.14%, at least one of Ni and Co each in an amount of 
0.1% - 2.0%, not more than 0.35% of oxygen, not more than 0.30% of iron, optionally at least one of Mo, W, 
40 and V each in an amount of 0.1% - 2.0%, and a balance of Ti, the process comprising the steps of: 

preparing a slab by hot working from an ingot of the titanium alloy after the ingot has been heated in a 
temperature range of from 750°C to a temperature 200°C above the beta-transus point; 

hot-rolling the slab with a finishing temperature of not lower than 400°C to form a hot-rolled strip after 
the slab has been heated in a temperature range of from 650°C to a temperature 1 50°C above the beta-transus 
45 point; _ 
optionally performing the following processes (i) and/or (ii) on the hot-rolled strip: 

(i) annealing the hot-rolled strip in a temperature range of from 550°C to a temperature 20°C above the 
beta-transus point; and/or 

(ii) cold-rolling the hot-rolled strip to form a coldrolled strip followed by annealing in a temperature range 
so of from 550°C to a temperature 20°c above the beta-transus point; 

forming and welding the hot-rolled and optionally annealed and/or cold-rolled strip to form a tube; 

and 

optionally subjecting the welded tube to heat treatment in a temperature range of from 400°C to a 
temperature 20°C above the beta-transus point 
55 The sole figure is a flow diagram of the process of the present invention. 

A first feature of the present invention is the use as a starting material of a titanium alloy which contains a 
relatively small amount of at least one of the platinum group metals, Ni and/or Co, and optionally one or more 
other alloying elements. 
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A second feature of the invention is the determination of optimal conditions for various steps involved in 
the manufacture of welded tubes from the above-described titanium alloy, particularly fabrication and hot rolling 
of a slab, cold rolling, welding into a tube, and heat treatment, and the starting material, i.e, an ingot of the 
titanium alloy is subjected to various combinations of these steps as shown in the figure, thereby manufacturing 
corrosion-resistant welded tubes of good quality without a significant loss of the excellent chemical and 
mechanical properties of the starting material. 

In the following description, percent refers to percent by weight unless otherwise indicated. 

The titanium alloy used as a starting material in the process of the present invention consists essentially 
of one or more of the platinum group metals <Ru, Rh, Pd, Os, Ir, and Pt) in a total amount of from 0.01% to 
0.14%, at least one of Ni and Co each in an amount of from 0.1% to 2.0%, not more than 0.35% of oxygen, not 
more than 0,30% of iron, optionally at least one of Mo, W, and V each in an amount of from 0.1% to 2.0%, and 
a balance of Ti. Such an alloy composition is selected for the following reasons. 



(i) Platinum group metals (Ru, Rh, Pd, Os, Ir, and Pt): 

The addition of at least one of the platinum group metals as an alloying element is effective to improve the 
corrosion resistance of a titanium alloy, including its resistance to crevice corrosion and its resistance to acids. 
Among these elements, Pd and Ru are preferred since they are less expensive and more effective for improving 
the corrosion resistance than the other platinum group elements. When added to titanium as an alloying ele- 
ment, the effect of Pd on improvement in crevice corrosion resistance is greater than that of a comparable 
amount (by percent) of Ru. Therefore, Pd is the most preferable. The improvement in corrosion resistance is 
appreciable when the total amount of the platinum group metals is 0.01% or more, and the improvement 
becomes more significant as the content increases. However, in the presence of Ni and/or Co as a coalloying 
element, the effect of the platinum group metals tends to saturate when the total amount thereof exceeds 0. 1 4%. 
In addition, the incorporation of such a large amount of the platinum group metals greatly increases the material 
cost and promotes hydrogen absorption by the alloy. Therefore, the total amount of the platinum group metals 
is in the range of 0.01% - 0,14% and preferably 0.03% - 0.10%. 



45 



(ii) Cobalt (Co) and Nickel (Ni): 

Co and Ni serve to strengthen the passivated film formed on the surface of titanium, which is necessary 
for titanium to have corrosion resistance. More specifically, these elements are precipitated as Ti 2 Co and Ti 2 Ni, 
respectively, which lower the hydrogen overpotential, thereby serving to maintain and strengthen the passive 
state of titanium. Furthermore, the presence of these precipitates in the passivated film has the effect of dec- 
reasing the current density required to maintain the passive state. When Co or Ni is added to titanium along 
with the platinum group metals, it has a significant effect of strengthening and stabilizing the passivated film 
of titanium, particularly in the presence of the platinum group metals having a content lower than the typical 
content in conventional Ti-Pd alloys (about 0.2%), thereby improving the corrosion resistance of the resulting 
titanium alloy in non-oxidizing acids such as hydrochloric acid and sulfuric acid. 

These effects of Co and Ni as alloying elements become appreciable when at least one of them is added 
in an amount of 0.1 % or more along with the platinum group metal. Therefore, the minimum content of each of 
these elements is 0.1%. However, when the content of Co or Ni is over 2.0%, the amount of precipitated Ti 2 Co 
or Ti 2 Ni increases so much that the resulting alloy becomes so hard that its ductility cannot be maintained at 
a desirable level, and the manufacture and use of welded tubes will be interfered with. Consequently, the 
maximum content of each of Co and Ni, which may be added either alone or in combination, is 2.0%. Preferably, 
one or both of Co and Ni are added in an amount of 0.2% to 1.2%. When alloyed with titanium, the effect of 
Co on improvement in crevice corrosion resistance is greater than that of a comparable amount (by percent) 
of Ni. 



50 (iii) Oxygen (O): 

A heat exchanger for gases is generally operated at a high pressure in order to improve the transport and 
production efficiency. Tubes applicable to such a heat exchanger must possess high strength and adequate 
deformability. Oxygen can be added to increase the strength of titanium due to its effect on solid solution har- 
55 dening. However, when the oxygen content is over 0.35%, the deformability of the alloy is undesirably impaired 
from the standpoint of commercial use. Therefore, the maximum oxygen content is 0.35% and preferably 0.25%. 
In those applications where a high strength, such as a value for 0.2% proof stress of at least 35 kgf/mm* is 
required, it is preferred that the oxygen content be 0.1 5% or greater. 
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(iv) Iron (Fe): 

Fe has the effect of improving the strength of titanium as well as its deformability under hot working. How- 
ever, the presence of Fe in an excessively large amount adversely affects the corrosion resistance. In order 
5 to avoid such an adverse effect of Fe, the Fe content should be at most 0.30% and preferably at most 0.15%. 

(v) Molybdenum (Mo), tungsten (W) t and vanadium (V): 

These alloying elements dissolve in a solution which the alloy contacts in use and form molybdate ions, 
10 tungstate ions, and vanadate ions, respectively, which have an oxidizing action and are effective to stabilize 
the passivated film formed on the surface of the titanium alloy and improve the resistance to corrosion, par- 
ticularly to crevice corrosion. Therefore, when it is greatly desired to improve the resistance to corrosion and 
particularly to crevice corrosion, one or more of Mo, W, and V may be added as optional alloying elements. 
However, when the content of each of these elements is less than 0.1%, the corrosion resistance including 
15 crevice corrosion resistance cannot be improved appreciably. The addition of an excessively large amount of 
these elements adversely affects the deformability of the alloy. Therefore, the content of each of Mo, W, and 
V, when added, should be in the range of 0.1% - 2.0% and preferably 0.5% - 1 .5%. When two or more of these 
elements are added, it is desirable that the total amount thereof be in the range of 0.1% - 2.0%. 

The balance of the titanium alloy used as a starting material in the present invention is essentially titanium 
20 (Ti) i.e., it consists of Ti and incidental impurities. 

Welded tubes are manufactured from the above-described titanium alloy starting material by subjecting it 
to one of the manufacturing processes (a) to (h) shown in the figure. In the following description, (a) to (h) and 
(1) to (15) refer to manufacturing processes and steps, respectively, illustrated in the accompanying figure. 

25 Process (a) 

Welded tubes are fabricated from a hot-rolled strip by the following Steps (1) to (3). 
(1) Fabrication of slab 

30 

A titanium alloy ingot is heated to a temperature range of from 750°C to a temperature 200°C above the 
beta-transus point of the alloy and hot-working is applied to the heated ingot by means of forging and/or rolling 
to form a slab. . ... ... 

Since the quality of a slab largely influences the basic properties of a hot-rolled stnp from which a welded 
35 tube product is fabricated, the slab should be prepared carefully. Specifically, it is important that the stab have 
a uniform quality and be free from both compositional defects, such as foreign matter and segregates, and struc- 
tural defects of the slab such as voids, cracks, and laminations. 

In order to eliminate compositional defects, the starting materials used to prepare the titanium alloy ingot 
should be controlled carefully during melting to form an ingot. The melting of the starting materials can be per- 
formed in the same manner as for conventional titanium alloys, i.e., in a vacuum or in an inert gas atmosphere 
by vacuum arc melting, electron beam melting, plasma beam melting, or induction melting. 

The titanium alloy ingot may be heated using any heat source which can control the heating atmosphere 
so as not to cause embrittlement of titanium by hydrogen absorption. 

In order to eliminate structural defects of a slab, the ingot should be carefully processed to form a slab as 
described below. The preparation of a slab from an ingot can be performed by forging, rolling, or a combination 
of both. The main purposes of these procedures are to improve the microstructure of the alloy material and to 
impart a shape adapted for the subsequent fabrication step. 

Whether the working is performed by forging or rolling alone or by a combination of forging and rolling, the 
heating temperature prior to each of such working should not be higher than 200*C above the beta-transus 
point. If the ingot is heated to a higher temperature, the oxide layer formed on the surface of a forged or rolled 
slab will grow and the material will be softened excessively to such a degree that the uniformity of deformation 
will be impaired and the surface roughness and flatness of the resulting slab will be undesirably increased. In 
this case, the rough and uneven surface must be removed by machining, leading to an increase in man-hours 
of labor and a decrease in yield. 

The minimum heating temperature is approximately 750°C from the standpoint of deformability. If the heat- 
ing temperature is lower than 750°C, successful working will be difficult due to an increase in deformation resi- 
stance and a decrease in deformability and the resulting slab will have surface or internal structural defects 
such as laps and cracks. Surface defects can be removed by machining, but machining is disadvantageous 



40 



50 



55 



4 



EP 0 466 606 A1 

with respect to man-hours of labor and yield. Internal defects may cause sheet fracture or formation of surface 
defects such as scabs or cracks during the subsequent hot rolling and optional cold rolling. 

Preferably the heating temperature is in the range of from 850°C to a temperature 150°C above the beta- 
transus point and more preferably from 900°C to a temperature 150°C above the beta-transus point. 

5 

(2) Hot rolling 

The slab produced in the above-mentioned Step (1) is hot-rolled to form a hot-rolled strip after it has been 
heated to a temperature range of from 650°C to a temperature 150°C above the beta-transus point. The heating 
10 temperature is preferably in the range of from 700°C to a temperature 1 50°C above the beta-transus point and 
more preferably from 750°C to a temperature 100°C above the beta-transus point. 

In Steps (1) and (2), the heating temperature should be maintained until the hot working is started, that is, 
it should be substantially the same as the initial hot working temperature. If a temperature drop during trans- 
portation from a heating furnace to a rolling mill is not negligible, the heating temperature may be slightly higher 
15 than that defined herein. 

When the slab is hot-rolled at a temperature higherthan 1 50°C above the beta-transus point, folding defects 
or scratches tend to form during hot rolling. At a temperature lower than 400°C, surface defects such as scabs 
will often be formed due to a decrease in deformability. Therefore, the finishing temperature of the hot rolling 
should be 400°C or above, preferably 500°C or above, and more preferably 600°C or above and below the be- 
20 ta-transus point. 

(3) Tube fabrication by welding 

The hot-rolled strip of a titanium alloy obtained in Step (2) is formed and welded to fabricate a tube. Prior 
25 to tube fabrication, the surface oxide layer (scale) of the hot-rolled strip is removed by a suitable descaling tech- 
nique and the strip is slitted or sheared to dimensions which conform to the size of the welded tube to be man- 
ufactured and then formed into a tubular section having an open joint. The joint is then closed by welding to 
produce a welded tube. 

Various methods can be employed in tube fabrication depending on the size and thickness of the tube to 
30 be manufactured. 

The hoop can be formed into a tubular section by various techniques including roll forming, spiral forming, 
bending roll forming, and U-O press forming. After the hoop is formed, the joint is welded. 

The welding may be performed by TIG (tungsten inert-gas) arc welding, plasma arc welding, laser welding, 
or a combination of plasma arc welding and TIG arc welding. 
35 For example, continuous production of a welded tube having a wall thickness of not greater than 3 mm can 

be performed in the following manner. 

A hoop obtained from the hot-rolled strip by slitting to a width corresponding to the circumference of the 
welded tube followed by coiling is rerolled and then passed through a roll former having a breakdown roll and 
a fin-pass roll to form the hoop into a tubular section. While the tubular section is pressed so as to make the 
40 opposite ends of the joint abut by passing through a pair of squeeze rolls, the butt joint of the hoop is welded. 
Welding can be performed in a conventional manner. TIG arc welding can be conducted by passing a direct 
current through a tungsten negative electrode and the titanium alloy hoop as an positive electrode. Plasma arc 
welding utilizes a plasma arc generated between a tungsten electrode and the hoop through a small-bore nozzle 
within a plasma jet torch. Laser welding or a combination of TIG arc welding and plasma arc welding may also 
45 be employed. . . . . 

Titanium has a strong affinity for oxygen, hydrogen, and nitrogen. Moreover, once titanium reacts with these 
gases, the resulting reaction products, which are difficult to remove, embrittle the alloy. Therefore, it is highly 
desirable that the hoop be welded in an inert gas atmosphere. 

A welded tube having a wall thickness of greater than 2 mm may be produced by TIG are welding while a 
so filler rod made of the same titanium alloy as the hoop is melted in accordance with the multi-layer, build-up 
welding technique. In special cases, vacuum electron beam welding may be employed. 

Preferable welding conditions for each welding method are as follows. 

1)TIG arc welding 

55 

TIG arc welding can be performed under conditions in which the welding current (I) and welding speed (V) 
satisfy the following inequalities: 

100x(T)*=il=i400x(T)* C) 
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0.5/T =i V 5.0/T (2) 

where 

T : hoop thickness (mm), 
I : welding current (A), and 

5 V : welding speed (m/min). 

At a welding current lower than the minimum value defined by Inequality (1) or at a welding speed higher 
than the maximum value defined by Inequality (2), incomplete penetration may occur in the weld zone. When 
the welding current is higher than the maximum value defined by Inequality (1) and the welding speed is also 
higher than the maximum value defined by Inequality (2), the generated weld zone may have undesirable weld 

10 defects. For example, humping beads may be formed thereby creating discontinuous melt holes, or undercuts 
may be formed. At a welding current higher than the maximum value defined by Inequality (1) and a welding 
speed lower than the minimum value defined by Inequality (2), the weld beads formed may be undesirably pro- 
truded inwardly in the interior of the tube. As a whole, it is difficult to obtain a sound weld zone under conditions 
in which either Inequality (1) or (2) is not satisfied. 

15 In order to avoid embrittlement of the titanium alloy in the weld zone by absorption of atmospheric oxygen, 

nitrogen, or hydrogen, the outer and inner surfaces of the hoop and the resulting tube should be shielded from 
air by sealing with an inert gas such as argon. When the temperature of the weld zone falls to about 350°C or 
below, titanium is no longer susceptible to oxidation. Therefore, until the temperature of the weld zone falls to 
about 350°C after welding, it is preferable to seal the weld zone with an inert gas. The optimum flow rate of the 

20 sealing gas can be determined by the welding conditions, such as the plate thickness, welding speed, and weld- 
ing heat input. 

2) Plasma arc welding 

25 Plasma arc welding can be performed under conditions defined by the following inequalities: 

1 00 x (T)* I ^ 400 x (T) 1 (3) 
0.5/T ^ V ^ 8.0/T (4) 

Compared to TIG arc welding, the width of weld beads can be smaller and a higher welding speed can be 
selected with plasma arc welding, A torch height of about 5 mm is sufficient for plasma arc welding. 

30 

3) High-frequency pulsed TIG arc welding 

High-frequency (H-F) pulsed TIG arc welding can be performed under conditions defined by the following 
inequalities: 

35 l p ^400x(T)' (5) 

100x(T)*=il B (6) 
0.5/T =i V ^ 8.0/T (7) 

where 

l P : peak current (A), and 
40 l B : overall average current (A). 

The pulse frequency is preferably at least 1 kHz and more preferably at least 5 kHz. 
When the values for l P and V both exceed the maximum values defined by Inequalities (5) and (7), respect- 
ively, undesirable humping beads or undercut may be formed. Even when the value for l B is equal to or larger 
than the minimum value defined by Inequality (6), inward protrusion of weld beads may occur if the value for 
45 V is smaller than the minimum value defined by Inequality (7). 

A pulse frequency of less than 1 kHz is not preferable since fine reverse side beads characteristic of pulsed 
arc TIG cannot be obtained. 

4) Combination of plasma arc welding and TIG arc welding 

50 

Compared to TIG arc welding, plasma arc welding can be performed at a higher speed, but there is a ten- 
dency for the bead surface formed by welding to be roughened and recessed by the action of the gas flow imp- 
inging against the beads. This problem can be overcome by a combination of plasma arc welding and TIG arc 
welding. 

55 According to this method, after the butt joint is fused and bonded by plasma arc welding, the resulting rough 

bead surface is subjected to an arc generated by TIG arc welding, thereby eliminating the surface roughness 
and producing a smooth bead surface. 

The initial plasma arc welding can be performed under the same conditions described in section (2) above, 
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and the subsequent TIG arc welding can be performed with a weld current satisfying the following inequality: 

100x(T)*=il ^250x(T)* (8) 

5) Carbon dioxide laser welding 

5 

According to this welding method, the energy of a laser beam can be concentrated through a focusing mirror 
so that there is no limitation on the thickness of the plate to be welded. 

Laser welding can be performed under conditions which satisfy the following inequality: 

Tx V ^ 5 (9) 

10 W K) 

where W : output (kw). 

Under conditions in which the output does not satisfy Inequality (9), incomplete penetration may occur in 
the weld zone, resulting in incomplete bonding of the joint. 

Laser welding is particularly suitable for tube fabrication at a high speed or with a thick wall, and the width 
is of weld beads can be varied widely by changing the beam energy density, which can be controlled by adjust- 
ment of a focusing mirror. 

Following welding which can be performed by various welding methods as described above, the resulting 
welded tube is passed through a straightener and a sizer to improve its straightness and roundness end then 
is cut to an appropriate length as a final stage of the tube fabrication step. 
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Process (b) 

A welded tube obtained in the manner described in Process (a) is subjected to the following heat treatment 
step (4) for release of residual stress. 

(4) Heat treatment 



When It is desired to improve the ductility of the welded tube, the tube obtained in the tube fabrication step 
is subjected to heat treatment. The heat treatment is classified as residual stress annealing, full annealing, or 
30 beta-annealing, depending on the purpose thereof. 
(Residual stress annealing) 

When the titanium alloy tube is used in an environment where stress-corrosion cracking is likely to occur, 
the residual stress of the tube should be removed. For this purpose, the tube is annealed in a temperature range 
of 400 - 600°C. The holding time depends on the annealing temperature. For example, several seconds are 
35 sufficient for annealing at 600°C to attain the desired effect while it takes 5 minutes or longer when annealing 
at 400°C. The residual stress cannot be removed to a substantial degree by annealing at a temperature lower 
than 400°C. 

When the heat treatment is conducted in air for more than 60 minutes at a relatively high temperature, e.g., 
above 600°C, attention should be given to the atmosphere so as not to cause absorption of hydrogen and other 
40 undesirable gases by the titanium alloy tube. 
(Full annealing) 

In order to effect full annealing, the tube is heat-treated at a temperature higher than 600°C. If such heat 
treatment is conducted in air, not only does the tube undergo severe oxidation but it also absorbs hydrogen, 
resulting in a decrease in deformability. Therefore, heat treatment for full annealing is preferably conducted in 
45 an inert gas or in a vacuum. 
(Beta-annealing) 

Titanium and a titanium alloy form a deformation texture during rolling and their properties in the rolling 
direction are different from those in the cross direction. For example, with respect to tensile properties, they 
have a higher 0.2% proof stress or yield point in the cross direction than in the rolling direction. Particularly in 
so cases where it is desired to reduce such anisotropic behavior of the tube, the tube is annealed in the beta tem- 
perature region. 

As in full annealing, care should be taken to use an atmosphere which will protect the surface of the tube 
from oxidation, nitriding, and other undesirable reactions. 

If the tube is annealed at an excessively high temperature above the beta-transus point, the grains signifi- 
55 cantly coarsen and the deformability is decreased. In addition, the tube loses its shape due to the strain resulting 
from the transformation. However, when the annealing temperature is at most 20°C above the beta-transus 
point, undesirable anisotropy can be eliminated or reduced and the above-mentioned problems can be avoided. 

For the reasons discussed above, the temperature for heat treatment after tube fabrication is restricted to 
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from 400°C to a temperature 20°C above (preferably below) the beta-transus point 

As described above, heat-treatment is preferably performed in an inert gas or a vacuum. Although heat 

treatment can be conducted in air, annealing in air at a temperature above 600°C results in the formation of a 

hardened layer on the surface of the tube due to oxidation and nitriding. Since the hardened layer inhibits the 
5 deformability of the titanium alloy, it should be removed by a suitable descaling method after the heat treatment. 

Descaling methods which can be used include mechanical descaling methods such as brushing and shot 

blasting, chemical descaling methods using an acid or a molten salt and a combination of mechanical and 

chemical methods. 

10 Process (c) 

Subsequent to step (2) in Process (a), i.e., after a hot-rolled strip is prepared in the manner described in 
Process (a), the hot-rolled strip is subjected to a cold-rolling step (5), annealing step (6), and tube fabrication 
step (7) to manufacture a welded tube. This process is suitable for the manufacture of welded tubes having 
15 relatively thin walls. The cold-rolling step (5) and the subsequent annealing step (6) may be performed 
repeatedly. 

(5) Cold rolling 

20 The hot-rolled strip obtained in Step (2) is cold-rolled using a suitable mill such as a reversing mill, tandem 

mill, or Sendzimir mill to prepare a mother sheet for tube fabrication. Since the hot-rolled strip has an oxide 
scale formed on its surface by hot working and since such scale may cause cracking or other problems during 
cold working it is preferable to remove the surface scale prior to cold rolling by a mechanical or chemical des- 
caling method as described above or by a combination of mechanical and chemical descaling methods. 

25 The cold-rolling speed is preferably 1400 m/min or less. Although a higher cold-rolling speed can be 

employed, it is advisable in view of the relatively high cost of the titanium alloy to avoid rolling at an excessively 
high speed in order to eliminate rolling failure. 

A lubricating oil is used in cold rolling for lubrication and cooling. Since the cold-rolled strip is then subjected 
to annealing and welding, the lubricating oil deposited on the surface of the cold-rolled strip should be removed 

30 by washing. 

(6) Annealing 

Since the strip obtained in cold rolling step (5) is work-hardened due to the cold working, it is annealed to 
35 restore ductility. 

The annealing temperature depends on the reduction ratio in cold rolling which is calculated by the following 
formula: 

Reduction Ratio = (T-T')/T x 1 00 

where 

40 T = plate thickness before rolling, and 

T' = plate thickness after rolling. 
As a rough measure, the annealing temperature should be 550°C or above when the reduction ratio in cold 
rolling is more than 90% and 600°C or above when the reduction ratio is 90% or less. 

Annealing at a temperature lower than 550°C does not cause recrystallization to a sufficient degree to pro- 
45 vide the strip with a desired level of ductility. 

Usually it is preferable to conduct vacuum annealing or continuous annealing at a temperature below the 
beta-transus point However, as described above, the anisotropy of titanium is relatively large and the yield 
point or proof stress of a low-alloy titanium material in the cross direction is higher than in the rolling direction. 
When such anisotropy is unacceptable, it is desirable to anneal the cold-rolled strip at a temperature above 
so the beta-transus point in order to eliminate or at least reduce the anisotropy. In view of the fact that annealing 
at a temperature much higher than the beta-transus point results in the formation of significantly coarsened 
grains, leading to a decrease in deformability, and also causes the tube to lose its shape due to the strain result- 
ing from the transformation, the upper limit of the annealing temperature is 20°C above and preferably 20°C 
below the beta-transus point 

55 Annealing in air causes the formation of an oxide scale, which dissolves in the weld zone during the sub- 

sequent welding, and the weld zone is undesirably embrittled. In order to eliminate this problem, the oxide scale 
is removed prior to welding by a suitable descaling method as mentioned above. 

The annealed strip is then slitted to an appropriate width and subjected to the tube fabrication step. 
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(7) Tube fabrication 

The annealed strip is processed for the fabrication of a welded tube in the same manner as described above 
with respect to the tube fabrication step (3) of process (a). 

5 

process (d) 

The welded tube obtained by process (c) is subjected to a heat-treatment step (8) after the tube fabrication 
step (7). 

10 

(8) Heat treatment 

The heat treatment can be performed in the same manner as described above in regard to Step (4) of Pro- 
cess (b). 

15 

Process (e) 

Subsequent to the hot-rolling step (2) in process (a), the hot-rolled strip is subjected to an annealing step 

(9) and tube fabrication step (10) to manufacture a welded tube. 

20 

(9) Annealing 

Although the material to be annealed is a hot-rolled strip, the purposes of annealing are the same as when 
annealing a cold-rolled strip. Therefore, this annealing step can be performed under the same conditions as 
25 described above with respect to the annealing step (6) after cold rolling. However, in this case, the hot-rolled 
strip obtained in Step (2) has an oxide scale formed on its surface by the hot working. Since the oxide scale 
causes cracking or other defects during subsequent cold working, it is preferable to remove the scale prior to 
annealing. 

30 (1 0) Tube fabrication 

The annealed strip is processed to produce a welded tube in the same manner as described above in regard 
to the tube fabrication step (3) of Process (a). 

35 Process (f) 

The welded tube obtained by Process (e) is subjected to a heat-treatment step (11) after the tube fabrication 
step (10). 

The heat treatment can be performed under the same conditions as described above for Step (4) of Process 

40 (b). 

Process (g) 

Subsequent to the annealing step (9) in Process (e), the annealed hot-rolled strip is subjected to a cold- 
45 rolling step (12), annealing step (13) and tube fabrication step (14) to manufacture a welded tube. The cold- 
rolling step (12) and the subsequent annealing step (13) may be performed repeatedly. 

These steps may be performed under the same conditions as described above for Steps (5), (6), and (7), 
respectively. 

so Process (h) 

The welded tube obtained by Process (g) is subjected to a heat-treatment step (15) after the tube fabrication 
step (14). 

The heat treatment can be performed under the same conditions as described above for Step (4) of Process 

55 (b). 

According to the process of the present invention, welded tubes can be manufactured in a stable manner 
from a relatively inexpensive titanium alloy having good corrosion resistance and good mechanical properties 
without adversely affecting these properties. The welded tubes manufactured by the process of the present 
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invention can be used as tubing and piping for various types of facilities and equipment used in severe corrosive 
environments. 

The following example is presented to describe the invention more fully. It should be understood, however, 
that the specific details set forth in the example are merely illustrative and the present invention is not restricted 
5 by the example. 

EXAMPLE 

Titanium alloy ingots each measuring 970 mm in diameter and 1000 mm in length (weighing about 3.5 tons) 
10 and having the composition shown in Table 1 were prepared from a blend of pure titanium sponge and powdery 
alloying metals by briquetting, welding to form a primary electrode and vacuum arc remelting, After the periphery 
of the ingots were machined to a diameter of 965 mm, the ingots were processed by the following steps so as 
to make welded titanium alloy tubes according to one of the above-described Processes (a) to (h). The beta- 
transus points of these titanium alloys were in the range of 860 - 930°C. 

15 

(1) fabrication of slab 

A slab measuring 150 mm thick by 1050 mm wide by 4690 mm long was fabricated from each titanium 
alloy ingot by either (i) hot forging alone or (ii) hot forging followed by hot rolling. The forging was performed 
20 on a 3,000 ton press after the ingot was heated at a temperature of 970 - 1050°C for 6 hours in a gas-fired 
furnace. When the hot forging was followed by hot rolling, the forging was performed so as to form a forged 
product measuring 460 mm thick by 1050 mm wide by 1530 mm long, which was then heated at 930 - 950°C 
for 5.5 hours in a walking beam-type gas-fired furnace and then hot-rolled through a rolling mill having vertical 
and horizontal rolls to form a slab of the above size. 

25 

(2) Hot rolling 

After the surface of the slab obtained in Step (1) was machined by a planer and the front and rear ends 
thereof were gas-cut for shaping and removal of surface flaws, the slab was heated at a temperature in the 

30 range of 850 - 91 0°C for 5 hours in a gas-fired furnace and hot-rotled by continuous rolling or repeated rolling 
optionally after the slab was passed through reverse rolls to reduce the thickness to 80 mm. The continuous 
rolling was performed using 6-high tandem mills to obtain a 4.5 mm-thick hot-rolled strip. The repeated rolling 
was performed on a 80 mm-thick, 1 m-long plate using 4-high rolling mills while the plate was heated two times 
at 880°C in a batch-type heating furnace and a hot-rolled plate measuring 8 mm thick by 1050 mm wide by 10 

35 m long was obtained and air-cooled. In all the hot rolling operations, the finishing temperature was around 
720°C. 

After the hot rolling, the surface of the hot-rolled strip or plate was cleaned by mechanical descaling (shot 

blasting and belt grinding) and/or chemical descaling (using a salt bath and/or a pickling solution) to remove 

the oxide scale layer formed on the surface thereof. 
40 Prior to tube fabrication, the strip or plate was slitted to a width corresponding to the length of the outer 

circumference of the tube product. 

Each welded tube was fabricated by one of the above-described processes (a) to (h). The conditions for 

each step of the processes employed in this example are summarized in Table 2 along with the size of the tube 

product obtained. Table 3 shows the welding conditions used in the example. 
45 The slab-making step (1) and hot-rolling step (2) were performed under the conditions described above, 

while the other steps were carried out under the following conditions. 

Tube fabrication in Step (3) 

so The hot-rolled plate obtained in Step (2) which had been descaled was sheared to a width of 795 mm and 

formed into a tubular section by press forming and the joint was welded by the TIG arc welding method using 
a filler rod having the same composition as the titanium alloy material used. The welding conditions are shown 
in Table 3. 

55 Heat treatment in Steps (4), (8), (11), and (15) 

The welded tube was heat-treated by heating in a batch-type vacuum furnace at 650°C or by continuous 
annealing at 550°C in an argon atmosphere. 
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Cold rolling in Step (5) 

The hot-rolled strip obtained in Step (2) which had been mechanically descaled was cold-rolled by reverse- 
type 6-high rolling mills to form a 1 .6 mm-thick cold-rolled strip, which was then degreased and rinsed with water. 

5 

Annealing in Steps (6), (9), and (13) 

The hot-rolled strip or plate or cold-rolled strip was annealed by vacuum annealing or continuous annealing 
in air or argon. The vacuum annealing was performed in a batch-type vacuum furnace at 650°C after the strip 
10 was descaled or degreased and it took about 20 hours from the start of heating to the end of cooling. The con- 
tinuous annealing employed in Step (9) was performed in a tunnel furnace at 725°C in air directly on the hot- 
rolled plate obtained in Step (2) without descaling and the annealed strip was then mechanically descaled. 

Cold rolling in Step (12) 

15 

The annealed strip obtained in Step (9) by vacuum annealing was cold-rolled in continuous 20-high 
Sendzimir mills to form a 1.6 mm-thick cold-rolled strip, which was then washed. 

Tube fabrication in Steps (7) and (14) 

20 

Tube fabrication was performed using a continuous tube-forming machine equipped with forming rolls and 
squeeze rolls and using the welding method shown in Table 2. The width of the hoop used was 77.2 mm in 
Step (7) or 58.2 mm in Step (14). Welding was performed under the conditions shown in Table 3. 

25 Tube fabrication in Step (10) 

the hot-rolled plate which had been annealed in air and descaled in Step (9) was sheared to 795 mm in 
width and 3000 mm in length and degreased. It was then formed into a tubular section according to the bending 
roll method and welded by C0 2 laser under the conditions shown in Table 3. 
30 The resulting welded tubes produced by one of Processes (a) to (h) were evaluated with respect to metal- 

lographical texture, surface properties, corrosion resistance, and mechanical properties by the following testing 
methods. 

a. Metatlographical test 

A radial cross section of the tube was observed to examine the texture. 
35 b. Surface observation 

The surface of the tube was observed visually and the presence or absence of defects was deter- 
mined by microscopic observation of a cross section and by a penetration test. 

c. Tensile test 

A tensile test was performed on a 350 mm-long test piece, which was either a sheet-like test piece 
40 cut from a thick-walled, large-diameter tube obtained by Process (a), (b), (e), or, (0 or a tube-shaped test 

piece cut from a thin-walled, small-diameter tube obtained by the other process. The gage length of the 
test piece was 50 mm. The strain rate was 0.5% per minute until a 0.2% proof stress was applied, and was 
20% per minute between the 0.2% proof stress and breaking. 

d. Crevice corrosion test 

45 A plurality of test pieces taken from the tube were spaced apart from each other by winding polytet- 

rafluoroethylene (PTFE) spacers around them or by forcing the spacers against them to form crevices be- 
tween them, and the test pieces were then subjected to a crevice corrosion test. The crevice corrosion test 
was performed using a salt solution containing 250 g/l of NaCI and a sufficient amount of HCI to adjust the 
pH of the solution to 2. The test pieces were immersed in the salt solution for 500 hours at 200°C. 

so After the test, the surface of the crevice was observed visually and the occurrence of crevice corrosion was 

determined by the presence of a corrosion product. 

e. Corrosion resistance test in hydrochloric acid 

A plurality of sheet-like or tube-shaped test pieces taken from the tube were immersed in a boiling 
3% hydrochloric acid solution for 200 hours and the resistance to hydrochloric acid was evaluated in terms 
55 of corrosion rate (in mm per year) which was calculated from the weight loss by corrosion. 

The test results are shown in Table 1. 
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Table 3 



5 


Process - 
Step 


Welding 
method 


Welding 
current 


Welding 
voltage 


Output 


Welding 
speed 


Shield- 
ing gaa 




<a) - 
<b> - 


(3) 
<3) 


TIC arc* 

3-layer 

build-up 


300 A 


15 V 




0.3 m/mic 


99.99X Ar 


10 


(c) - 
<d) - 


(7) 
<7> 


plasma 

arc 

welding* 






100 KVA 
450 kHz 


1.9 n/min 


99.99X Ar 


15 


(e) - 
<f> - 


(10) 
<10> 


carbon 

dioxide 

laser 






4 kW 


0.8 rn/rnin 


99.99* Ar 




(g) - 

(h) - 


(14) 
(14) 


H-F** 
pulsed 

TIG 


average 

200 A 
peak 320 A 


15 V 




2.0 m/min 


99,99% Ar 



(Notes) * Using a tungsten electrode measuring 3.2 mm in diameter. 
** High-frequency of 15 kHz. 



As is apparent from the results shown in Table 1, the titanium alloys used in the present invention which 
25 contain a relatively small amount of the platinum group metals in combination with Co and/or Ni and optionally 
one or more of Mo, W, and V exhibit excellent crevice corrosion resistance comparable to that of the conven- 
tional, expensive Ti-0.2Pd alloy. 

Titanium alloys to which only Pd or Ru is added do not have satisfactory crevice corrosion resistance when 
the content of Pd or Ru is 0.02% or 0.03% (Run Nos. 1 and 20). However, the addition of 0.5% Co to such 
30 alloys significantly improves the crevice corrosion resistance (Run Nos. 2 and 21 ). Similarly, the addition of Ni, 
or Co and Ni, or one or both of Co and Ni along with one or more of Mo, W, and V to a titanium alloy containing 
a small amount of Pd, Ru, or other platinum group metal results in a significant improvement in corrosion resi- 
stance including crevice corrosion resistance and provides a titanium alloy having corrosion resistance which 
is far superior to that of pure titanium (Run No. 55) or a titanium alloy of ASTM Grade 12 (Run No. 56). 
35 When oxygen and/or Fe is added for improving the strength, the corrosion resistance of the resulting alloys 

is not degraded and their ductility remains at a satisfactory level as long as the oxygen content is not more 
than 0,35% (Run No. 58). In contrast, a titanium alloy containing more than 0.35% oxygen has a decreased 
ductility (Run No. 62) while that containing more than 0.3% Fe has decreased elongation and resistance to acids 
(Run No. 59). 

40 The ductility of titanium alloys containing Co or Ni in an excessively large amount is decreased to such a 

degree that they are no longer useful for practical applications (Run Nos. 60 and 61). 

Some of the welded tubes were subjected to a flattening test by downwardly compressing a test tube with 
the weld zone on the side between two fiat plates. The welded tube of Run No. 3 (19.0 mm <(>) caused no crack 
when flattened to 5 mm in the distance between the flat plates. The welded tube of Run No. 37 (254 mm <J>) 

45 could be flattened to 100 mm without cracking, while that of Run No. 52 (25.4 mm caused no crack when 
flattened to 1 5 mm. 

The welded tubes shown in Table 1 were produced by one of the processes shown in Table 2 which all 
satisfy the conditions of the present Invention. Ail the processes employed in the example proceeded smoothly 
and resulted in the production of welded tubes which were free from surface defects and which had a texture 
so of completely recrystallized grains. 

For comparison, welded tubes were produced under the following conditions which did not fall within the 
conditions defined by the present invention. The starting material used in this comparative test was an ingot 
of a titanium alloy having a composition of Ti-0.05 Pd-0.3 Co-0.19 oxygen-0.05 Fe having a diameter of 980 
mm and a length of 2,000 mm . 

55 

(1 ) Preparation of slab under improper conditions 

When a slab was prepared in the same manner as above except that the heating temperature before hot 
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rolling was 1200°C, the resulting slab had an excessively thick and uneven surface oxide layer and the surface 
of the slab had to be machined by a thickness of about 25 mm in order to obtain a smooth surface suitable for 
the subsequent step. 

5 (2) Hot rolling under improper conditions 

The slab was hot-rolled by continuous rolling after being heated to 1150°C. The surface of the resulting 
hot-rolled strip had many defects such as scratches and scabs and a number of man-hours of labor was required 
to remove these defects. 

10 

(3) Annealing of welded tube under improper conditions 

Welded tubes obtained by Process (e) were annealed at 350°C. The residual stress in the circumferential 
direction was 20 kgf/mm 2 before the annealing and it remained unchanged after the annealing at 350°C. 

15 

(4) Annealing under improper conditions before tube fabrication 

A cold-rolled strip was annealed at 450°C and a welded tube was fabricated from the annealed strip. Since 
the residual stress of the cold-rolled strip could not be removed sufficiently by the annealing which was perfor- 
20 med at an excessively low temperature, the resulting welded tube was affected by the heat applied during weld- 
ing and had corrugated bead portions in the weld zone. In addition, the shape of the tube was deformed into 
an elliptical cross section and it could not be corrected. 

Although the invention has been described with respect to preferred embodiments, it is to be understood 
that variations and modifications may be employed without departing from the concept of the invention as 
25 defined in the following claims. 



Claims 

30 1. A process for manufacturing a welded titanium alloy tube or pipe having good resistance to crevice cor- 
rosion from a titanium alloy which consists essentially, by weight, of one or more of the platinum group 
metals in a total amount of 0.01 - 0.14%, at least one of Ni and Co each in an amount of 0.1% - 2.0%, not 
more than 0.35% of oxygen, not more than 0.30% of iron, optionally at least one of Mo, W, and V each in 
an amount of 0.1% - 2.0%, and a balance of Ti, the process comprising the steps of: 
35 (1) preparing a slab by hot working from an ingot of the titanium alloy after the ingot has been heated 

in a temperature range of from 750°C to a temperature 200°C above the beta-transus point 
(2) hot-rolling the slab with a finishing temperature of not lower than 400°C to form a hot-rolled strip 
after the slab has been heated in a temperature range of from 650°C to a temperature 150°C above 
the beta-transus point; 

40 (3) forming and welding the hot-rolled strip to form a welded tube or pipe; and optionally 

(4) subjecting the welded tube or pipe to heat treatment in a temperature range of from 400°C to a tem- 
perature 20°C above the beta-transus point. 

2. The process of Claim 1 wherein the hot-rolled strip obtained in Step (2) is subjected to the following Steps 
45 ( 5 )> ( 6 )t ( 7 )t and optionally (8) to form a welded tube or pipe: 

(5) cold-rolling the hot-rolled strip to form a cold-rolled strip; 

(6) annealing the cold-rolled strip in a temperature range of from 550°C to a temperature 20°C above 
the beta-transus point; 

(7) forming and welding the annealed strip to form a welded tube or pipe; and optionally 

so (8) subjecting the welded tube or pipe to heat treatment in a temperature range of from 400°C to a tem- 

perature 20°C above the beta-transus point. 

3. The process of Claim 2 wherein Steps (5) and (6) are performed repeatedly. 

55 4. The process of Claim 1 wherein the hot-rolled strip obtained in Step (2) is subjected to the following Steps 
(9), (10), and optionally (11) to form a welded tube or pipe: 

(9) annealing the hot-rolled strip in a temperature range of from 550°C to a temperature 20°C above 
the beta-transus point; and 
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(10) forming and welding the annealed strip to form a welded tube or pipe; and optionally 

(11) subjecting the welded tube or pipe to heat treatment in a temperature range of from 400°C to a 
temperature 20°C above the beta-transus point . 

The process of Claim 4 wherein the annealed hot-rolled strip obtained in Step (9) is subjected to the fol- 
lowing Steps (12), (13), (14), and optionally (15) to form a welded tube or pipe: 

(12) cold-rolling the annealed hot-rolled strip to form a cold-rolled strip; 

(13) annealing the cold-rolled strip in a temperature range of from 550°C to a temperature 20°C above 
the beta-transus point; 

(14) forming and welding the annealed strip to form a welded tube or pipe; and optionally 

(15) subjecting the welded tube or pipe to heat treatment in a temperature range of from 400°C to a 
temperature 20°C above the beta-transus point. 

The process of Claim 5 wherein Steps (12) and (13) are performed repeatedly. 

The process of any one of Claim 1 to 6 wherein the titanium alloy consists essentially, by weight, of one 
or more of the platinum group metals in a total amount of 0.03% - 0.10%, at least one of Ni and Co each 
in an amount of 0.2% - 1.2%, not more than 0.25% of oxygen, not more than 0.15% of iron, optionally at 
least one of Mo, W, and V each in an amount of 0.5% - 1.5%, and a balance of Ti. 

The process of any one of Claims 1 to 7 wherein the ingot is heated in a temperature range of from 850°C 
to a temperature 150°C above the beta-transus point before hot working. 

The process of any one of Claims 1 to 8 wherein the slab is heated in a temperature range of from 700°C 
to a temperature 150°C above the beta-transus point before hot rolling. 



18 



EP 0 466 606 A1 




19 



EP 0 466 606 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 



EP 91 40 1952 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with i 
of relevant passages 



where appropriate, 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPUCATIO.N (Int. Ct.5) 



D,A 



PATENT ABSTRACTS OF JAPAN, vol. 11, no. 
8 (C-396)[2455] f 9th January 1987; & 
JP-A-61 186 461 (KOBE STEEL LTD) 
20-08-1986 

* Whole document * 

GB-A-2 167 769 (NIPPON MINING CO., 
LTD) 

* Table 2; claim 1 * 

PATENT ABSTRACTS OF JAPAN, vol. 13, no. 
199 (C-594)[3547], 11th May 1989; & 
JP-A-01 21 041 (NIPPON MINING CO., LTD) 
24-01-1989 

* Whole document * 

M.J. DONACHIE, Jr.: "Titanium - A 
Technical Guide", 1988, pages 37-56, 
American Society for Metals, Ohio, US; 
chapter 4: "Wrought alloy processing" 

* Figure 4.1; tables 4.1,4.2 * 

"Metals Handbook", 9th edition, vol. 3, 
1980, pages 372-380, American Society 
for Metals, Ohio, US; "Properties of 
titanium and titanium alloys" 

WELDING PRODUCTION, vol. 31, no. 8, 
August 1984, pages 43-46; M. A. KHOREV: 
"Strengthening welded joints 1n 
titanium alloys with various structures 
by heat treatment" 



The present search report has been drawn up for all claims 



C 22 F 1/18 
C 22 C 14/00 



1,8 



TECHNICAL FIELDS 
SEARCHED (Int. CI.5) 



C 22 F 

C 22 C 



Place of fetrtn 

THE HAGUE 



Dale of contplctioa of tbe usrcb 

10-10-1991 



GREGG N.R. 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant if taken alone 

Y : particularly relevant If combined with another 

document of the same category 
A : technological background 
O : Don- written disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but published on, or 

after the filing date 
D : document cited in the application 
L : document cited for other reasons 

& : member of the same patent famity, corresponding 
document 



20 



